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Atypical enteropathogenic Escherichia coli (aEPEC) has emerged as a significant cause of pediatric diarrhea
worldwide; however, information regarding its adherence mechanisms to the human gut mucosa is lacking. In
this study, we investigated the prevalence of several (fimA, ecpA, csgA, elfA, and hcpA) fimbrial genes in 71
aEPEC strains isolated from children with diarrhea (54 strains) and healthy individuals (17 strains) in Brazil
and Australia by PCR. These genes are associated with adhesion and/or biofilm formation of pathogenic and
commensal E. coli. Here, the most prevalent fimbrial genes found, in descending order, were hcpA (98.6%), ecpA
(86%), fimA (76%), elfA (72%), and csgA (19.7%). Phenotypic expression of pili in aEPEC strains was assessed
by several approaches. We were not able to detect the hemorrhagic coli pilus (HCP) or the E. coli laminin-
binding fimbriae (ELF) in these strains by using immunofluorescence. Type 1 pili and curli were detected in
59% (by yeast agglutination) and 2.8% (by Congo red binding and immunofluorescence) of the strains,
respectively. The E. coli common pilus (ECP) was evidenced in 36.6% of the strains on bacteria adhering to
HeLa cells by immunofluorescence, suggesting that ECP could play an important role in cell adherence for
some aEPEC strains. This study highlights the complex nature of the adherence mechanisms of aEPEC strains
involving the coordinated function of fimbrial (e.g., ECP) and nonfimbrial (e.g., intimin) adhesins and
indicates that these strains bear several pilus operons that could potentially be expressed in different niches
favoring colonization and survival in and outside the host.
For many years, enteropathogenic Escherichia coli (EPEC)
has signified a prominent dilemma in the realm of pediatric
diarrheal diseases, particularly in children below 12 months of
age living in developing countries (17, 30, 46). EPEC strains
belong to a restricted number of classical O:H serotypes and
possess the EPEC adherence factor (EAF) plasmid, which
encodes production of the bundle-forming pilus (BFP), the
localized adherence factor responsible for microcolony forma-
tion. For unknown reasons, the incidence of EPEC infections
in regions where they were most common has decreased sig-
nificantly (38). Instead, a group of diarrheagenic E. coli strains
bearing serotypes found among EPEC and non-EPEC strains
and lacking the EAF has emerged as a significant cause of
gastrointestinal disease (1, 3, 9, 19, 37). These strains share
some of the virulence traits of typical EPEC strains but are
categorically considered a new pathogroup, referred to as atyp-
ical EPEC (aEPEC) (22, 46). Like EPEC strains, they also
possess the genetic locus of enterocyte effacement (LEE),
whose gene products are responsible for inflicting damage to
the epithelium of the small bowel through the formation of
attaching and effacing (AE) lesions (27, 44). These lesions are
characterized by accumulation of polymerized actin and other
cytoskeleton elements at the sites of intimate bacterial adher-
ence, disruption of tight junctions, and destruction of intestinal
microvilli and epithelium (12, 21, 30).
The adhesive properties of typical EPEC strains to cultured
epithelial cells (e.g., HeLa, HEp-2, Caco-2) are largely attrib-
uted to the synchronized participation of BFP, intimin and Tir,
flagella (in the case of motile strains), the EspA fiber, and the
E. coli common pilus (ECP) (8, 15, 40). Shortly after contact
with cultured epithelial cells, the bacteria associate to each
other on epithelial cells in a time-dependent manner, forming
clusters that within 3 h grow into three-dimensional microcolo-
nies, a pattern referred to as the localized adherence (LA)
pattern. The temporal expression of adhesin genes involved in
LA has been studied before (25, 32). In striking contrast to
EPEC, aEPEC comprises a group of highly heterogeneous
strains that generally adhere poorly or not at all to the most
commonly used cultured epithelial cells after 6 or more hours
of incubation. While some strains associate loosely, forming a
localized adherence-like (LAL) pattern, some strains adhere,
displaying an aggregative adherence (AA) or diffuse adherence
(DA) pattern (46). Since aEPEC strains are isolated from
diarrheal cases, it is obvious that they possess means to attach
to the human gut mucosa, although the precise mechanisms of
adherence remain elusive.
The genome of nonpathogenic and pathogenic E. coli con-
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tains at least 16 different operons that could potentially code
for pili (6, 34). Only a few of these pilus operons, such as those
encoding type 1 pilus (T1P) or curli, are known to be expressed
by pathogenic strains and to play a role in host cell coloniza-
tion. The chromosomal fim gene cluster that specifies for T1P
is found in most E. coli strains and throughout members of the
Enterobacteriaceae family. The most compelling role for T1P in
E. coli pathogenesis is in the interaction of uropathogenic E.
coli with uroplakin-containing receptors in bladder epithelial
cells to initiate urinary tract infections (11). Biofilm formation
by enteroaggregative E. coli (EAEC) strain 042 is thought to be
due in part to T1P-mediated bacterial interactions (28). A
subset of enteric bacteria, such as E. coli and Salmonella en-
terica, can express adhesive amyloid-like fibers called curli,
which promote bacterial aggregation (10). A recent study dem-
onstrated that curli and cellulose act in concert to favor host
colonization and biofilm formation by enterohemorrhagic E.
coli (EHEC) O157:H7 (39). Curli have also been associated
with biofilm development at low temperatures in one aEPEC
O55:H7 strain (48).
Another example of a fimbrial adhesin, which may represent
a mechanism of host cell adherence and colonization of both
pathogenic and commensal E. coli strains, is the E. coli com-
mon pilus (ECP) (36). This pilus was first documented in
association with strains of E. coli responsible for causing men-
ingitis or septicemia (newborn meningitis E. coli [NMEC]) and
was originally named MAT (meningitis associated and temper-
ature regulated) (35). Knockout ecpA mutants of EHEC,
EPEC, and EAEC are less adherent to host cells than ECP-
producing strains (4, 36, 40). Likewise, NMEC strains with
deletion of the ecp operon are incapable of producing biofilms
(24). ECP is composed of a 21-kDa pilin subunit, and antibod-
ies against the pilus have been used as a probe to detect the
presence of ECP on diarrheagenic E. coli strains adhering to
cultured epithelial cells (5, 36, 40). Recently, Scaletsky et al.
(42) showed that the major pilin ecpA gene was present in all
of the 29 aEPEC strains belonging to different serotypes
tested, but no information is available regarding the actual
production of the pili in this group.
Nonpathogenic E. coli strains contain and express the prepi-
lin peptidase-dependent gene (ppdD), which is predicted to
encode a type 4 pilin-like protein (14), but surface assembly of
the protein into pili and its association with adherence and
biofilm formation has been shown only in EHEC O157:H7
(49). These type 4 pili were termed hemorrhagic coli pili
(HCP), and it was shown that sera of patients with hemolytic
uremic syndrome, but not the sera of healthy individuals, rec-
ognized the major pilin subunit HcpA, suggesting that the pili
are produced in vivo during EHEC infections. The E. coli
laminin-binding fimbriae (ELF) encoded by the chromosomal
elfADCG (called ycbQRST in E. coli K-12) gene cluster is a
homolog of the F17 fimbriae of animal enterotoxigenic E. coli
(ETEC) strains and is yet another example of a putative ad-
herence factor present ubiquitously in E. coli. We showed that
ELF mediates adherence to human intestinal epithelial cells
and to cow and pig gut tissue ex vivo (41).
Several PCR-based surveys among aEPEC strains of differ-
ent serotypes from different geographic regions of the world
have investigated the presence of several fimbrial and nonfim-
brial adhesin genes (e.g., different intimin types, efa1/lifA, lda,
toxB, lpfA, iha, paa) previously described in well-characterized
E. coli pathogroups. These studies have highlighted the heter-
ogeneity of aEPEC strains in terms of the number and variety
of virulence-associated adhesin genes they harbor (2, 16, 42,
45). Nevertheless, little information is available regarding the
phenotypic expression of these genes and what their role is in
adherence and host colonization. We hypothesized that
aEPEC strains utilize some of the pili commonly found among
E. coli pathogroups, including commensal strains, to adhere to
the gut mucosa. Given the epidemiological importance of
aEPEC in some regions of the world and in an effort to provide
clues regarding their adherence mechanisms, we sought to
investigate the prevalence of recently reported fimbrial adhe-
sin genes and their products in a collection of Brazilian and
Australian aEPEC isolates.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The aEPEC strains employed in the
present study were isolated from diarrheal cases in independent epidemiological
studies carried out in distinct periods in Brazil or Australia (31, 33, 37, 47). The
presence of several adhesin and toxin genes in these isolates has been reported
before (16, 45, 47). EPEC E2348/69 and EHEC O157:H7 EDL933 were used as
reference pathogenic strains, and laboratory E. coli K-12 HB101 or DH5 was
used as the negative control. The strains were routinely grown in Luria-Bertani
broth at 37°C or in Dulbecco’s minimal essential medium (DMEM) for induction
of ECP and in preparation for adherence assays. For induction of the expression
of curli, the strains were grown in 1% tryptone broth (pH 7.2) at room temper-
ature without shaking.
Gene amplification. We sought in our aEPEC collection the presence of
several fimbrial genes which are highly conserved either in commensal or patho-
genic E. coli strains by DNA amplification. These included genes coding for type
1 pili (fimA and fimE), curli (csgA and csgD), E. coli common pilus (ecpA), E. coli
laminin-binding fimbriae (elfA), and hemorrhagic coli pilus (hcpA), for which
specific primers were designed (Table 1). For PCR, the GoTaq Green master mix
(Promega, Madison, WI) was used with 1 M each of the primers described in
Table 1.
Colony hybridization. We examined a subset of Brazilian aEPEC strains for
the presence of the ecpA gene by colony blot hybridization. The ecpRAB frag-
ment was obtained by PCR amplification (Table 1), labeled with [32P]dCTP
(Amersham, Biosciences UK Limited, Little Chalfont, Buckinghamshire, Eng-
land) by using the Ready-To-Go DNA labeling beads (Amersham) and was
purified in Probe Quant G-50 microcolumns (Amersham) as described by the
manufacturer. The labeled amplified fragment was used as a hybridization probe
under high-stringency conditions.
Adherence assay and IFM. Adherence assays were carried out employing
human HeLa (cervix) epithelial cells seeded on glass coverslips. Briefly, 80%
confluent monolayers (5  105 cells) were infected with 107 bacteria grown
TABLE 1. Primers employed for amplification of fimbrial genes
Target Sequence (forward and reverse) Reference
fimA AGTTAGGACAGGTTCGTACCGCAT This study
AAATAACGCGCCTGGAACGGAATG
fimE AAACGTCGTTATCTTACCGG This study
TTTCTTTCCCATAATCCGGC
ecpRAB AACAGCAATATTAGGGGCGTG 4
GGATAACAGCAGAGCGAGAAG
ecpA GCAACAGCCAAAAAAGACACC This study
CCAGGTCGCGTCGAACT
csgA CCCGAATTCGTGTAGTAATAAATCAGCC 39
CCCAAGCTTCCCTGTTTCTTTAATACAG
csgD CGCGAATTCTCGCTGGCAATTACAGG 39
CGCGGATCCGCTGATGAACAACGAAC
elfA ACGATGAAAAAAAGTGTATTGACGG This study
CCGCATTCACATTACCAGAA
hcpA TCGCTAGTTGCTGACAGATTT 49
AATGTCTGTTGTGTGCGACTG
8392 HERNANDES ET AL. APPL. ENVIRON. MICROBIOL.
overnight in LB medium or DMEM. After 6 h of infection, the monolayers were
washed with phosphate-buffered saline (PBS, pH 7.4) to remove the nonadher-
ent bacteria and then fixed with 2% formaldehyde in PBS for Giemsa staining or
immunofluorescence (IF) microscopy (IFM). For IFM, coverslips with fixed cells
were incubated with primary antibodies for 1 h in 10% horse serum in PBS,
followed by the addition of a 1:5,000 dilution of the secondary goat anti-rabbit
IgG–Alexa Fluor conjugate (Molecular Probes, Eugene, OR). After 1 h of
incubation, the cells were washed three times with PBS and then incubated for
5 min at room temperature with 0.1% Triton X-100 in PBS. After washing,
rhodamine-labeled phalloidin (Invitrogen) and DAPI (4,6-diamidino-2-phe-
nylindole dihydrochloride) were added to stain the cytoskeleton and bacterial
and host cell DNA, respectively. Coverslips were mounted on glass slides with
0.1% p-phenylenediamine mounting medium, visualized under a Zeiss AxioIm-
ager A1 microscope, and photographed with a QImaging Retiga 2000R Fast
1394 camera.
Transmission electron microscopy (TEM). To detect the presence of pili, 10 l
of overnight bacterial cultures were applied onto 300-mesh carbon-Formvar-
coated copper grids for 2 min and then negatively stained with 1% phospho-
tungstic acid (pH 7.4) for 5 min. For immunoelectron microscopy, the bacteria
were reacted for 1 h with rabbit anti-ECP antibody (diluted 1:10) in PBS (pH 7.4)
containing 10% bovine serum albumin, followed by a 1-h incubation with goat
anti-rabbit IgG conjugated to 10-nm gold particles (diluted 1:10) (BBInterna-
tional) as previously described (40). A Philips CM-12 electron microscope op-
erated at a voltage of 80 kV was used to examine the grids.
Agglutination of yeast cells. Surface-expressed T1P on aEPEC strains were
assayed by their ability to agglutinate mannan-rich yeast (Saccharomyces cerevi-
siae) cells on glass slides as previously described (43). Bacteria present in the
supernatants of HeLa cells infected for 6 h were used in the yeast agglutination
assay. Equal volumes of bacterial and yeast suspensions were mixed on a glass
slide and rocked for 1 to 2 min until the appearance of aggregates visible to the
naked eye. To confirm that T1P-mediated yeast agglutination was due to the
specific recognition of mannosidic residues, the assays were also performed in
the presence of 1% D-mannose.
Congo red dye binding and curli production. The production of curli by
bacterial colonies correlates with production of red colonies growing on 1%
tryptone agar plates containing the diazo dye Congo red (10). We sought to
investigate curli production in the aEPEC collection after overnight growth on
T-medium agar containing Congo red (100 g/ml). EPEC E2348/69 and an
isogenic csgD (transcriptional activator of curli expression) mutant were used as
positive and negative controls, respectively (39).
Statistical analyses. Fisher’s exact test was used for the statistical analyses, and
P values of 0.05 were considered significant.
RESULTS
The majority of aEPEC strains harbor the hcpA type 4 pilin
gene. The chromosomal hcpA gene codes for the major pilin
subunit of a type 4 pilus called HCP. hcpA (called ppdD in E.
coli K-12) is thought to be widely conserved and present in
commensal and pathogenic E. coli strains (49). However, no
information is available regarding the frequency of this gene
among EPEC or aEPEC strains. Our PCR-based survey of E.
coli fimbrial genes among aEPEC showed that hcpA was the
gene most frequently amplified, as 98.6% of the strains tested
here carried this gene (Table 2). It is interesting that the
majority of aEPEC strains contain hcpA, as type 4 pili have
been associated with several virulence attributes in many
Gram-negative bacteria.
A high percentage of aEPEC strains harbor ECP genes. The
next most common gene among aEPEC was ecpA, the major
structural gene coding for the ECP. We found that the ecpA
gene was present in approximately 86% of the aEPEC strains
studied (Table 2). This result was obtained employing primers
specific for ecpA as previously reported. Due to gene sequence
differences among ecpA of different E. coli strains, it is possible
to obtain false-negative isolates by PCR using this set of prim-
ers. In previous studies, we were able to identify ecp isolates
by employing primers comprising the 5 end of ecpR and the 3
end of ecpB, which flank ecpA, allowing amplification of ecpA
variants. To better determine the distribution of ecpA among
aEPEC strains, we compared PCR results (employing primers
to amplify ecpRAB and ecpA) and DNA hybridization results
obtained with an ecpRAB radioactively labeled probe by using
a subset of 21 Brazilian aEPEC strains selected randomly from
diarrheic cases and controls. The ecpA primers identified ecpA
in 76% of the strains, and the ecpRAB primers amplified ecpA
in only 47% of the strains. Surprisingly, the ecpRAB DNA
probe detected 76% of the isolates by DNA hybridization
(Table 3). It is clear that genetic variations exist between
TABLE 2. Prevalence of fimbrial genes in a collection of aEPEC strains
aEPEC serotype
(no. of strains)
No. of aEPEC strains positive for:
hcpA ecpA fimA fimE csgA csgD elfA
EPEC serotypes (29) 29 24 26 29 8 29 24
O55:H7 (7) 7 7 7 7 5 7 7
O55:H6 (1) 1 1 1 1 1 1 1
O55:H (1) 1 1 1 1 1 1 1
O86:H34 (1) 1 1 1 1 1 1 1
O111:H9 (1) 1 0 1 1 0 1 0
O111:H (2) 2 0 2 2 0 2 2
O114:H2 (1) 1 1 0 1 0 1 1
O119:H2 (6) 6 6 6 6 0 6 6
O119:H6 (2) 2 2 2 2 0 2 0
O125:H6 (2) 2 2 2 2 0 2 0
O126:H6 (1) 1 1 1 1 0 1 0
O128:H2 (4) 4 2 2 4 0 4 4
Non-EPEC serotypesa (42) 41 37 28 40 6 40 27
Total aEPEC (71) 70 61 54 69 14 69 51
% of positive strains 98.6 85.9 76.0 97.2 19.7 97.2 71.8
a Serotypes (no. of strains): O4:H11 (1), O11:H6 (1), O15:H (1), O25:H7 (1), O28:H45 (1), O51:H40 (2), O51:H49 (1), O51:H (1), O63:H6 (1), O101:H33 (1),
O107:H8 (1), O109:H9 (1), O123:H45 (1), O129:H11 (1), O139:H14 (1), O153:H7 (1), O154:H2 (1), O172:H4 (1), ONT:H2 (1), ONT:H4 (1), ONT:H5 (1), ONT:H6
(2), ONT:H11 (1), ONT:H19 (2), ONT:H21 (2), ONT:H29,31 (1), ONT:H34 (3), ONT:H40 (1), ONT:H (5), OR:H11 (1), and OR:H (2).
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ecpRAB gene sequences among naturally occurring aEPEC
strains. We analyzed the DNA amplification data, seeking to
determine any association between the presence of ecpA
among isolates from diarrheal patients versus isolates from
controls. We could not find any correlation between the pres-
ence of ecpA and the origin of the strains from either diarrheal
cases or controls (Table 4).
aEPEC strains contain type 1 pili and ELF genes at similar
frequencies. The fimA and elfA genes were identified in 76.0%
and 71.8% of the strains, respectively. Of note, the fimE re-
combinase gene of the T1P operon was found in 97.2% of the
aEPEC strains by PCR (Table 2). The discrepancy between the
presences of these two T1P genes may be due to nucleotide
differences in the primer-annealing regions of fimA. The ELF
was initially described in the zoonotic EHEC O157:H7 and is
a homolog of the F17 fimbriae found in animal ETEC. The fact
that elf genes are significantly present in aEPEC may indicate
that these genes could also be present in E. coli colonizing
animals.
Distribution of curli among aEPEC strains. It is conven-
tional wisdom that curli genes are present ubiquitously in E.
coli (23). To our surprise, the csgA gene was found in only
19.7% of the strains, while the csgD curli transcriptional acti-
vator was detected in 97% of the aEPEC strains. Similar to the
fimA genetic variation observed above, it is possible that the
nucleotide sequence of csgA among aEPEC strains is highly
diverse.
Analysis of production of pili. We used several approaches
to determine the presence of HCP, ECP, T1P, ELF, and curli
on aEPEC bacteria, as these pili are produced under different
experimental laboratory conditions. The first approach aimed
to detect the pili by an immunofluorescence protocol on bac-
teria adhering to HeLa cells by using specific primary antibod-
ies against the pili. When this approach did not yield any
positive results, we attempted to detect the presence of pili on
bacteria obtained from the supernatants of infected HeLa cells
by Western blotting or by coagglutination assays as described
below. Despite several attempts, we were not able to demon-
strate the presence of HCP or ELF on aEPEC strains by
immunofluorescence or Western blotting. The most likely ex-
planation is that the expression of these pili is strictly con-
trolled by yet-unknown regulatory mechanisms involving spe-
cific environmental and nutritional signals. It is also possible
that in some strains, genes involved in HCP biogenesis are
cryptic, truncated, or nonfunctional. Thus, it remains unknown
what percentage of aEPEC strains produced HCP or ELF.
A high percentage of typical EPEC strains produce ECP
when adhering to cultured epithelial cells (40). We set out to
investigate ECP production among the collection of aEPEC
strains upon HeLa cell adherence by using an antibody specific
for ECP as a probe in an immunofluorescence protocol. We
demonstrated that 36.6% of the strains were able to produce
this fimbrial structure when adhering to HeLa cells (Table 4).
ECP was manifested as a network of fluorescent peritrichous
filaments that appeared to tether bacteria to each other and to
mediate cell contact (Fig. 1). The images shown in Fig. 1 are
representative of aEPEC strains producing ECP. One techni-
cal issue for consideration is the fact that aEPEC strains do not
adhere as well as EPEC strains to cultured epithelial cells, so
we incubated the bacteria with HeLa cells for over 6 h, and in
some cases for some of the strains, we used a larger bacterial
inoculum (e.g., 108 bacteria). In addition, we performed im-
munoelectron microscopy and Western blotting studies to vi-
sualize ECP on representative aEPEC strains. Bacteria recov-
ered from the supernatants of infected HeLa cells were
incubated with anti-ECP antibodies on Formvar-coated EM
grids and the secondary goat anti-rabbit IgG–10-nm-gold con-
jugate. The images in Fig. 2 are compelling evidence of the
production of ECP by these strains. Further, the presence of
the EcpA pilin in these representative ecpA strains was dem-
onstrated after SDS-PAGE and Western blotting (Fig. 3).
We wanted to know if there was any association between
ECP production and the origin of the strains (e.g., cases versus
controls). Among the strains isolated from patients, we deter-
mined that 42.6% of them produced ECP, while only 17.6% of
the strains isolated from healthy people produced these pili.
While ECP was found 2.4-fold more often among diarrheal
isolates, no statistical difference was found between strains
isolated from diarrhea or healthy controls by using Fisher’s
exact test (P 	 0.05) (Table 4). Further, the association be-
tween ECP production and the serotypes of aEPEC strains was
analyzed. We found that 44.8% of strains belonging to EPEC
serotypes and 30.9% of strains of non-EPEC serotypes pro-
TABLE 3. Detection of ecp genes in a subset of Brazilian
aEPEC strains
Origin (no. of
strains)
No. (%) of strains positive for:
ecpRABa ecpAa,b ecpRABprobeb
Diarrhea (13) 6 (46.1) 10 (76.9) 10 (76.9)
Control (8) 4 (50.0) 6 (75.0) 6 (75.0)
Total (21) 10 (47.6) 16 (76.2) 16 (76.2)
a Genes determined by PCR.
b The same strains were positive by both methods.
TABLE 4. Analysis of the presence of fimbrial genes and pilus production
Origin (no. of
strains)
No. (%) of strains positive for:
T1P fimA ECPa ecpA Curli csgA
Diarrhea (54) 30 (55.5) 42 (77.7) 23 (42.6) 46 (85.2) 2 (3.7) 10 (18.5)
Controls (17) 12 (70.6) 12 (70.6) 3 (17.6) 15 (88.2) 0 (0) 4 (23.5)
Total (71) 42 (59) 54 (76) 26 (36.6) 61 (85.9) 2 (2.8) 14 (19.7)
a P value of 	0.05 comparing ECP production by aEPEC isolated from cases versus controls. TIP was sought by the yeast agglutination assay, and ECP and curli
were detected by IF.
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duced ECP (Table 5). We did not find an association between
ECP production and the distinct adherence patterns displayed
by aEPEC strains, as ECP was produced by strains showing
LAL, AA, or DA (Fig. 1 and data not shown).
Production of T1P and curli. Regarding production of T1P,
we found that 59% of the strains (55.5% from patients and
70% from controls) (Table 4) were able to produce these pili
during infection of HeLa cells, as determined by the mannose-
sensitive yeast agglutination assay. This percentage includes
strains that were found to be fimA negative by PCR. Thus, it is
possible that some aEPEC strains produce T1P variants that
continue to display specificity for mannose-containing recep-
tors. We confirmed the presence of FimA in whole-cell extracts
of selected aEPEC strains after HCl denaturation and Western
blotting with anti-T1P antibodies (Fig. 3). The analysis of T1P
production comparing isolates in terms of their serotype
showed that T1P was most commonly produced by aEPEC
strains of serogroups different than the classical EPEC sero-
groups (P 0.05) (Table 5). Regarding curli, 15.5% and 25.3%
of the aEPEC strains bound Congo red upon growth on agar
plates at 26°C and 37°C, respectively. However, upon investi-
gation by IF, only 2 strains (2.81%) were able to produce curli
(at 37°C) in the presence of HeLa cells.
Analysis of multipilus phenotypes. We were interested in
knowing if some strains could produce multiple pilus types
during HeLa cell infection. The results show that 19.7% of the
strains were able to produce T1P plus ECP (Table 6). Other
pilus combinations, for example, T1P plus curli or T1P plus
ECP plus curli, were also detected, but in low frequency (1.4%
each). The ability of some aEPEC strains to simultaneously
produce more than one fimbrial adhesin suggests that the
adherence of these strains is a multifactorial process. We could
not detect any of the fimbrial adhesins investigated in almost
25% of the strains (Table 6). However, since these strains were
still able to adhere to HeLa cells, it is reasonable to suggest
that other adherence mechanisms, mediated perhaps by unrec-
ognized pili and/or intimin, exist in these strains.
DISCUSSION
The frequency of isolation of aEPEC from diarrheal cases
has significantly increased in recent years in both developing
FIG. 1. Demonstration of ECP on aEPEC-infected HeLa cells. The presence of ECP (green) on the bacteria (red) adhering to host cells was
demonstrated using anti-ECP antibodies. aEPEC strains (A) 148-83, (B) 3712-3, and (C) W1706 were incubated with HeLa cells for 6 h, and EPEC
strain E2348/69 (positive control) (D) was incubated for 3 h.
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and developed countries, yet the molecular and cellular mech-
anisms of pathogenesis remain elusive (19, 46). It is clear that
these strains lack the EAF plasmid and hence are BFP nega-
tive, but they possess the LEE, which makes them capable of
FIG. 2. Detection of ECP on aEPEC strains by immunogold labeling. Strains were grown overnight in DMEM at 37°C, spotted onto Formvar-coated
copper grids, and then probed with rabbit anti-ECP antibody (1:10) and visualized with goat anti-rabbit IgG antibody conjugated to 10-nm gold particles
(1:10). (A) EPEC strain E2348/69 (positive control). (B) aEPEC 3712-3 (ONT:H29,31). (C) 148-83 (O55:H7). (D) W1706 (ONT:H6). Bars, 500 nm.
FIG. 3. Demonstration of EcpA and FimA in whole-cell extracts of
aEPEC strains. Western blotting was used to detect EcpA and FimA
pilins produced during overnight growth in DMEM at 37°C. EPEC
strain E2348/69 was used as the positive control and E2348/69ecpA as
the negative control. The blot was probed with anti-ECP antibody,
stripped, and reprobed with anti-type 1 pili. The loading control is an
unidentified protein with which the ECP antibody cross-reacts.
TABLE 5. Distribution of ECP and T1P production among
aEPEC strains serogrouped as classical and nonclassical
EPEC serogroups
Serotype of aEPEC
strains
No. (%) of aEPEC strains
producing pili
ECPa T1Pb
EPEC serotypes
Case (n 
 26) 12 (46.1) 11 (42.3)
Control (n 
 3) 1 (33.3) 2 (66.7)
Total (n 
 29) 13 (44.8) 13 (44.8)c
Non-EPEC serotypes
Case (n 
 28) 11 (39.3) 19 (67.8)
Control (n 
 14) 2 (14.3) 10 (71.4)
Total (n 
 42) 13 (30.9) 29 (69.0)c
a ECP was detected by IF.
b T1P was sought by the yeast agglutination assay.
c P value of 0.05 comparing T1P produced by aEPEC strains manifesting
EPEC versus non-EPEC serotypes.
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causing damage to the mucosa through the coordinated activity
of the T3SS and its associated effectors. Like classical EPEC,
atypical strains utilize intimin and its injected receptor Tir to
initiate host cell cytoskeleton modifications (7, 8, 33). How-
ever, both EPEC strains and some aEPEC strains with deletion
of the eae intimin gene continue to manifest adherence to
cultured host epithelial cells, albeit to a lesser extent than
wild-type strains (8, 18, 20). Thus, it is obvious that other
mechanisms of adherence, independent of BFP and intimin,
exist in aEPEC strains. Many PCR-based survey studies have
demonstrated that aEPEC harbors an array of genes coding for
known toxins and adhesins, alone or in different combinations
(2, 16, 42, 45, 47). However, phenotypic characterization of
aEPEC strains regarding the expression of virulence-related
genes, particularly of fimbrial genes, is lacking.
We hypothesized that aEPEC strains utilize some of the
known pili commonly recognized among commensal and
pathogenic E. coli strains to adhere to cultured epithelial cells.
Thus, this study was initiated in an attempt to further our
knowledge of the mechanisms of host cell adherence of aEPEC
by employing a collection of strains isolated from cases and
controls in Australia and Brazil. We surveyed several fimbrial
genes (hcp, elfA, csgA, fimA, and ecpA) which we know are
expressed in other E. coli pathogroups and which have been
associated with host cell adherence and biofilm formation.
Based on the PCR-based analysis, we found that the most
prevalent fimbrial genes found among these aEPEC strains, in
descending order, were hcpA (98.6%), ecpA (86%), fimA
(76%), elfA (72%), and csgA (19.7%). It is noteworthy that the
type 4 pilin gene hcpA was found in almost all of the strains,
although we failed to detect the presence of HCP in this col-
lection. It is likely that in some E. coli strains, hcpA gene
expression, like that of many other virulence factors, requires
specific growth conditions that trigger or repress regulatory
elements that lead to successful gene expression. So far, the
HCP has been observed only in E. coli O157:H7, and other
studies have indicated that hcpA is a cryptic gene in laboratory
and pathogenic strains (14, 26, 49). While the hcpA gene is
widely distributed among E. coli strains, it remains unknown
what E. coli pathogroups apart from EHEC assemble HCP.
The ecpA gene was widely distributed (86%) among aEPEC
strains. Several reports have previously shown that this gene is
highly conserved among the different intestinal and extraintes-
tinal E. coli pathotypes, including commensal strains (4, 5, 35,
36). A recent gene search study with Brazilian aEPEC strains
showed that ecpA was present in all strains displaying an LAL
pattern on HEp-2 cells (42). While conservation of this fim-
brial gene in E. coli must signify an important biological func-
tion, information regarding the ability of aEPEC to produce
ECP is lacking. Thus, we looked for ECP production in our
aEPEC collection upon infection of HeLa cells. The high prev-
alence of ecp genes and the production of ECP by approxi-
mately 36.6% of the strains under the experimental conditions
studied demonstrate that this structure could represent an
important mechanism for the adherence of aEPEC to epithe-
lial cells. As fimbrial gene expression is under the control of
strict regulatory elements, it is possible that a larger number of
strains produce ECP under other experimental conditions. The
importance of ECP as a colonization factor lies in recently
published studies which implicate this pilus in the interplay
between E. coli and host cells in culture. For instance, a role
for ECP in adherence to cultured human epithelial cells was
demonstrated for EHEC O157:H7 and a commensal E. coli
strain (36). The ECP, in association with BFP and other ad-
hesins, contributes to the complex multifactorial interaction of
EPEC with host epithelial cells (40). The recent demonstra-
tions that ECP is as frequent as the most common colonization
factors of ETEC (5), that the majority of EAEC strains pro-
duce ECP (4), and that meningitis-causing E. coli strains also
elaborate ECP (called Mat in this pathogroup) to form bio-
films (24) reinforce the notion that ECP plays a significant role
in the biology of this organism and in its interaction with the
host.
T1P plays a significant role in the colonization and invasion
of bladder epithelial cells, favoring the establishment of uri-
nary tract infections by uropathogenic E. coli (21). These pili
have also been implicated in various events associated with
virulence, e.g., biofilm formation, induction of proinflamma-
tory molecules, and cell signaling (23). Previous studies have
not implicated T1P of EPEC in cell adherence, but it appears
to be important for the development of the AA pattern of
EAEC strain 042 (13, 28). Here we found that three-fourths of
aEPEC strains studied contain fimA and that 59% of the
strains produced T1P alone or in combination with ECP during
infection of HeLa cells. This signifies that host infection con-
ditions induce the production of these pili for a biological
purpose. It is interesting that the recombinase gene fimE was
found in 97.2% of the strains in comparison to 76.6% of strains
harboring fimA. Given that strains with the fimA-negative
fimE-positive genotype, as determined by PCR, were able to
agglutinate yeasts, it is likely that in some strains genetic varia-
tions exist in fimA. This observation brings to light the importance
of applying different detection methods of bacterial antigens or
the use of different approaches to search for functionally related
genes before concluding that a particular strain possesses or does
not possess genes related to a specific function.
Although the production of ELF, the F17-like fimbriae, was
not demonstrated in the aEPEC collection under the labora-
tory conditions employed, the elfA gene was nevertheless as
frequent as fimA. Since ELF and F17 are found in the zoonotic
EHEC and ETEC, respectively, it is reasonable to suggest that
aEPEC may be able to colonize certain animals. More studies
are required to determine the relevance of this gene in
TABLE 6. Coproduction of fimbrial adhesins by aEPEC strains
Pilus type(s)
produced
No. (%) of strains producing pili
From patients
(54)a
From controls
(17)a Total (71)
T1P only 16 (29.6) 10 (58.8) 26 (36.6)
ECP only 10 (18.5) 1 (5.9) 11 (15.5)
Curli only 0 0 0
T1P plus ECP 12 (22.2) 2 (11.7) 14 (19.7)
T1P plus curli 1 (1.85)b 0 1 (1.4)
T1P plus ECP
plus curli
1 (1.85)c 0 1 (1.4)
None 14 (25.9) 4 (23.5) 18 (25.3)
a Comparing patients versus controls (P 	 0.05).
b O51:H49.
c ONT:H34. ECP and curli were determined by IF, and TIP was sought by the
yeast agglutination assay.
VOL. 77, 2011 FIMBRIAL ADHESINS OF ATYPICAL EPEC 8397
aEPEC’s biology, since strains of this pathogroup have been
found in different animal species (29). While curli have been
associated with different properties related to virulence in E.
coli and S. enterica, we found that approximately 20% of the
aEPEC strains harbored csgA, in contrast to csgD, which was
found in 97% of the strains. Given that we could demonstrate
curli in only 2.8% of the strains, we speculate that the produc-
tion of curli is not a common attribute of aEPEC strains. It was
not possible to associate a particular fimbrial structure with any
of the adherence patterns displayed by aEPEC strains.
In sum, the data presented show that aEPEC strains harbor
several pilus operons whose products may be produced either
alone or in combination during infection of cultured epithelial
cells. For example, ECP was the most common pili produced
by aEPEC strains adhering to HeLa cells. Some strains pro-
duced ECP in combination with T1P or curli. Our approaches
did not detect any of the fimbrial adhesins sought in about 25%
of the strains (Table 6), which indicates that these strains are
able to adhere through other unrecognized pili and/or via the
intimin-Tir complex. It is possible that other pili are produced
by aEPEC in particular niches inside or outside the host. It is
clear from our study that the cell adherence strategies of
aEPEC strains entail a multifactorial approach involving the
synchronized production of several fimbrial (e.g., ECP) and
nonfimbrial (e.g., intimin) adhesins. The presence of several
pilus operons in aEPEC strains underlines their potential to be
expressed in different niches favoring colonization and survival
in and outside the host.
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